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BACKGROUND OF THE INVENTION 



1 . Field of the Invention 

The present invention relates to dynamoelectric machines, and more particularly 
to dynamoelectric machines having a characteristic of decreased noise while operating. 

2. Relation to Prior Art 

Dynamoelectric machines are well known in the art. One such dynamoelectric 
machine is a reluctance machine. In general, a reluctance machine is an electric machine 
in which torque is produced by the tendency of a movable part to move to a position 
where the inductance of an excited winding is maximized (i.e., the reluctance is 
minimized). 

In one type of reluctance machine, the phase windings are energized at a 
controlled frequency. This type of reluctance machine is generally referred to as a 
synchronous reluctance machine. In another type of reluctance machine, circuitry is 
provided to determine or estimate the position of the machine's rotor, and the windings of 
a phase are energized as a function of rotor position. This type of reluctance machine is 
generally referred to as a switched reluctance machine. Although the description of the 
current invention is in the context of a switched reluctance motor, the present invention is 
applicable to all forms of reluctance machines, including synchronous and switched 
reluctance motors, reluctance generators, and to other machines that have phase winding 
arrangements similar to those of switched reluctance machines. 

Generally, the stator of a switched reluctance motor includes a ring of inwardly 
extending stator poles about which are positioned one or more phase windings. The 
energization of such a phase winding tends to cause the rotor to move into a position 
where the inductance of an excited winding is maximized. The energization of such a 
phase winding will also tend to deform the stator by drawing certain stator poles 
associated with the energized phase winding towards the rotor poles. In general, as a 
rotor pole comes into alignment with a stator pole, the forces tending to draw the stator 
pole towards the rotor pole (i.e., the normal forces) will generally begin to increase, will 
reach a maximum at full alignment, and will decrease thereafter. 
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FIG. 1A generally illustrates an exemplary rotor pole 1 as it rotates into and then 
past alignment with a stator pole 3, surrounded by a phase coil 5. The current profile 
supplied to the stator pole 3 is shown in FIG. IB. The current profile presented is 
idealized, and actual currents will have characteristics different from those represented in 
FIG.1B. Particular apparatus for generating the illustrated currents as a function of the 
angular position of the rotor is omitted, and the construction of such apparatus will be 
apparent to one of ordinary skill in the art. 

The exemplary current in FIG. IB supplied to coil 5 surrounding stator pole 1 is 
shown in relation to the angular position of a rotor pole 1. The current typically involves 
a ramp increase to energize the stator pole. Then, the current is maintained at a 
substantially constant level to bring the rotor pole into minimum reluctance relation to the 
stator pole. Once the rotor pole has aligned with approximately 50 % of the stator pole 
(corresponding to the position identified by the dashed line in FIGS. 1A-1C), the current 
undergoes a cutoff, and begins to decrease in accordance with traditional energization 
schemes. The rotor pole reaches minimum reluctance as it aligns 100% with the stator 
pole and then passes out of relation to the stator pole. 

As the rotor pole 1 moves in relation to stator pole 3, the inductance between the 
poles changes. The change in inductance produces torque in the rotor, which causes 
angular displacement of the rotor. The torque has a tangential and normal component 
due to the magnet flux path that passes through the radially opposed pole pairs, the rotor 
and the stator. The tangential component will tend to cause the rotor to rotate. The 
normal component will tend to cause the stator pole to move towards the rotor pole. 

FIG. 1C generally illustrates the normal forces exerted on the stator pole as a 
function of the angular position of the rotor for the illustrated current waveform. As 
illustrated, the normal forces will begin to increase near the point where the rotor pole 
begins to overlap the stator pole. In FIG. 1C, the normal force increases as the rotor pole 
aligns with stator pole until a maximum force is reached at the point where the rotor pole 
is fully aligned with the stator pole. This point of full alignment also generally 
corresponds to the minimum reluctance point. The normal force then decreases steadily 
as the poles pass out of alignment. As illustrated in FIGS. 1A-1C, for traditional 
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reluctance machines energized in the traditional manner, the normal force curve has a 
continuous, uniform profile for the electrical interaction of the two uniform faced poles as 
they pass in relation to one another. 

The establishment of the normal forces described above tends to result in an 
"ovalizing" of the stator as normal forces attempt to collapse the air gap between the 
rotor poles and the stator poles associated with the energized phase winding. These 
radially opposed normal forces tend to distort the stator yoke from its generally circular 
configuration and force it out of round. Upon de-energization of the stator poles, the 
stator returns to its original circular configuration. Even though the deflection during 
energization is extremely slight, under continuous operation the distortion produces a 
noticeable whining noise. 

Traditional switched reluctance machines have rotor and stator constructions that 
result in the establishment of normal forces such that each of the stator poles in the 
machine experiences the same normal forces, although not necessarily at the same point 
in time. 

FIGS. 2A-2B generally and schematically illustrate the types of "deflection 
modes" that are established in reluctance machines having two and four normal forces 
acting on the stator. As used herein, the number of deflection modes that a reluctance 
machine may have corresponds to the number of localized areas where normal forces are 
generated in the machine during energization of one of the machine's phase windings. 
Typically, the number of deflection modes for a given machine will correspond to the 
number of stator poles encircled by each phase winding in the machine. Although the 
present discussion describes reluctance machines with 2 and 4-modes of deflection, it is 
to be understood that additional modes exist beyond those depicted. Furthermore, 3- 
mode deflection (i.e. odd-mode deflection) cannot occur in an electromagnetically 
balanced motor. 

Referring to FIGS. 2A-2B, the identified figures include arrows 8 representing the 
normal forces acting on the stator poles associated with an exemplary energized phase 
winding at a specific point in time. As noted in the Figures, the normal forces 8 acting on 
the various stator poles associated with the given energized phase winding are, at each 
point in time, substantially equal. 
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In FIG. 2A, the equal and opposite normal forces 8 tend to ovalize the stator 6. 
This represents a two-mode deflection since there are two localized areas where normal 
forces 8 are generated during energization of phase A windings. Also, FIG. 2B 
represents a four-mode deflection since there are four localized areas where normal 
forces 8 are generated during energization of phase A windings. Higher ordered modes 
of deflection are also possible beyond four modes. 

In addition to establishing normal forces that are equal with respect to an 
energization of a given phase winding, traditional reluctance machines are constructed so 
that the normal forces established by the energization of another phase winding are the 
same in profile (although physically displaced) as the normal forces established upon 
energization of the given or another phase at a later point in time. In other words, in 
typical reluctance machines, the normal forces that are exerted on the stator poles 
associated with the energization of a phase winding at one time are the same as the 
normal forces associated with the energization of that phase winding at all other times 
and - in magnitude although not necessarily in alignment - with the forces associated 
with the energization of all other phase windings. 

To better illustrate the distribution of equal normal forces around a stator during 
phase energizations, FIGS. 3A and 3B are presented. FIG. 3A shows a reluctance 
machine 10 having eight stator poles, four rotor poles 22 and two phase windings A and 
B. FIG. 3A also illustrates the normal forces 14 established upon energization of a first 
phase winding A at an initial time. As may be noted, because the phase winding 
energized at this time surrounds four stator poles, there are four points where the 
deflection forces are substantially localized on the stator. As such, the machine of FIG. 
3A has four deflection modes. 

FIG. 3B illustrates the condition of the machine at a point in time later than that 
illustrated in FIG. 3 A. Only the second of the phase windings B of the machine is 
energized. Because the second phase winding surrounds four stator poles, as with 
energization of the first phase winding, there are four points where the deflection forces 
14' are substantially localized on the stator. The forces 14' developed at the four 
deflection points are substantially identical to those forces 14 developed during 
energization of the first phase winding A, although they are located at differing physical 
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points on the stator. Due to the distortions resulting from such a distribution of normal 
forces about the stator during subsequent phase energizations, many switched reluctance 
motors have noise spikes at the commutation frequency and harmonics thereof. 

One proposed solution in the prior art for reducing the noise produced by a 
reluctance machine includes increasing the number of stator modes. For example, the 
stator/rotor combination of 6/4 can be doubled to a 12/8 combination that provides four- 
mode deflection of the stator. The increase in modes, however, undesirably reduces the 
power density of the motor. It also requires the use of rotor and stator laminations with a 
large number of poles that may result in increased material or manufacturing costs. 

Another proposed solution in the prior art to reduce noise involves controlling the 
energization currents applied to the phase windings in an effort to shape the normal 
forces established in the machine. Such "tuning" of the energization currents is often 
sensitive to the application to which the motor is applied. 

Another solution in the prior art to reduce noise involves stiffening the stator 
yoke. A more robust stator yoke attempts to limit deflection caused by the normal forces 
and thereby reduces the noise spike. Unfortunately, adding material to the yoke increases 
weight and cost to the switched reluctance motor while producing diminished gains in 
performance. 

Yet another solution in the prior art to reduce noise involves the use of wide and 
narrow rotor poles. In this solution, a first set of opposed rotor poles is provided with a 
narrow width, while a second set of opposed rotor poles is much wider. The ratio of 
widths for the wide to narrow poles may be as great as 2: 1 . The solution is detailed in 
U.S. Patent Nos. 5,582,334; 6,028,385 and 6,051,903 to Pengov . The solution attempts 
to limit the deflections of the stator by offsetting a first set of radial forces by a second set 
of radial forces that are 90° therefrom. In other words, during the first half of the phase 
energization a 2-mode deflection acts on the stator. This 2-mode deflection acts to stiffen 
or resist the subsequent deflection of the quadrature stator poles which are fluxed in the 
second half of the phase current. 

There are several disadvantages to the above approach. First, the solution 
requires that, due to the wide rotor poles, attractive forces on the stator poles for a first 
phase need to be maintained while attractive forces on the stator are initiated for a second 
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phase. Thus, significant attraction is required between the wide rotor poles with 
energized stator poles after the poles have passed 50% alignment. As a result, overly 
adverse normal forces and corresponding deflections occur when the wide rotor poles 
completely overlaps the energized stator poles. 

Second, the use of wide poles as in Pengov creates a situation where a positive 

change in inductance with respect to a change in angular orientation — ^ does not 

occurs on all poles for a given phase energization. To illustrate the case where a positive 
(dL\ 

— does not occur for a given phase energization, FIGS. 4 A - 4D are presented. 

\UKJ J 

The 8/4 reluctance machine 10 of FIG. 4A has wide rotor poles a and c and 
narrow rotor poles b and d. There are 8 stator poles, but focus will be on stator poles A, 
B, C and D corresponding to a single phase. The narrow rotor poles b and d have a 
width for their face that is substantially similar to that of the stator poles. As the current 
in FIG. 4B energizes the phase windings, the rotor moves relative to the stator. 

FIGS. 4C and 4D show the inductance in the stator poles as a function of the 
angular orientation of the corresponding rotor poles. FIG. 4C depicts the change in 
inductance for stator poles A and C as the wide rotor poles a and c pass in relation. 
There is a point as the wide rotor poles pass in relation to the stator poles where the slope 



is not changing (i.e. the slope of the curve is essentially zero). 



FIG. 4C depicts the change in inductance for stator poles B and D as the narrow 
rotor poles b and d pass in relation. In contrast to wide rotor poles passing in relation to 

the stator poles, the stator poles B and D experience a positive f — as they are 

\dQ ) 

energized and the narrow, like-sized rotor poles b and d pass in relation. 

Another disadvantage of the Pengov solution relates to the magnetic flux paths 
that are used in the above solution. Long flux paths around the stator characterize the 
magnetic flux for the reluctance machine according to the Pengov solution to reduce 
noise in a reluctance machine. FIG. 4E-F depict a reluctance machine having alternating 
wide and narrow rotor poles according to the Pengov solution. Phase A is shown 
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energized so that magnetic flux lines pass through the energized stator poles, the rotor 
and the stator yoke. 

FIG. 4E shows a reluctance machine having alternating wide and narrow rotor 
poles during the first 50% alignment of the rotor with the energized stator poles. The 
polarities of the four energized stator poles provides that each stator pole of one polarity 
(i.e. S) is adjacent to a stator pole of the same phase with the same polarity (S) and also 
adjacent to a stator pole of the same phase having an opposite polarity (N). In other 
words, stator pole 12 is an S-pole. Adjacent pole 12' is also S-pole, while adjacent pole 
14' is N-pole. This is referred to as a NNSS orientation of the polarities. 

There are essentially two, long pole paths that the flux travels in this first 50% 
portion of alignment. The first path has three, long flux paths 20 which pass from stator 
pole 12 with S-polarity, through the wide rotor poles, to stator pole 14 with N-polarity, 
and around the stator yoke. Thus, three long flux paths 20 traverse the side 1 of the stator 
yoke. Likewise, a second path has three, long flux paths 20' which pass from stator pole 
12 with S-polarity, through the wide rotor poles, to stator pole 14 with N-polarity, and 
around the stator yoke. Because the narrow rotor poles have not reached relation with 
stator poles 12' and 14', no flux travels by way of these stator poles. 

FIG. 4F shows the reluctance after the rotor has surpassed 50% alignment with 
the energized stator poles. Due to the arrangement of the polarities for the radially 
opposed pairs of stator poles, the flux lines take both short and long paths after 50% 
alignment. Short flux paths 22 and 22' have three flux lines and pass around stator poles 
12 and 14. Long flux paths 20 and 20' have two flux lines each and pass around stator 
poles 12' and 14'. 

As a result, portions 1 and 1' of the stator yoke accommodate 2 flux lines, while 
portions 2 and 2' accommodate 1 flux line. The flux paths can over saturate the 
inductance capacity of portions of the stator yoke and thus decrease the efficiency of the 
reluctance machine. 

In contrast, a conventional reluctance machine, as depicted in FIG. 4G, has all 
coil sides contributing to useful flux by facilitating short flux paths around the stator and 
through the rotor. The polarization of a conventional reluctance machine sets stator pole 
10 to a N-pole. The adjacent pole of the same phase, pole 12 is polarized to an S-pole, as 
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is the other adjacent pole of the same phase 14. This is referred to as a NSNS orientation 
of the polarities and facilitates short magnetic flux paths. The orientation presents a more 
efficient arrangement of flux paths. 

As indicated above, existing techniques for reducing noise in switched reluctance 
machines typically are ineffective on a large-scale basis, costly to implement, or 
adversely impact the performance of the motor. The present invention provides an 
improved, low-noise reluctance machine that does not suffer from the drawback 
described above, and other drawbacks associated with such existing techniques. 
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SUMMARY OF THE INVENTION 

In accordance with one aspect of the present invention, there is provided a linear 
electromagnetic machine a movable member and a stationary member. The stationary 
member defines at least one stationary pole. A phase winding is positioned such that, 
when current is flowing in the phase winding, the at least one stationary pole is 
energized. Also provided is a circuit for energizing the phase winding over a plurality of 
energization cycles to produce a given force tending to cause linear movement of the 
movable member with respect to the stationary member. The energizing of the phase 
winding also produces a normal force tending to cause movement of the movable and 
stationary members in a direction normal to the desired linear movement. The normal 
force profile experienced by the at least one stationary pole over a first energization cycle 
is different from the normal force profile experienced by the at least one pole stationary 
over a subsequent energization cycle. 

In accordance with one aspect of the present invention, there is provided an 
electromagnetic machine. The electromagnetic machine includes a rotor defining a 
plurality of rotor poles. Each rotor pole has a pole face defining an angular width. The 
angular width of the rotor pole with the widest width is: (a) substantially equal to or 
greater than the angular width of the rotor pole with the narrowest width, and (b) less 
than 1.5 times the angular width of the rotor pole with the narrowest width. The 
electromagnetic machine includes a stator defining at least two stator poles that are 
radially opposed to one another. There is provided a phase winding positioned such that, 
when current is flowing in the phase winding, the at least two stator poles are energized. 
There is also provided a circuit for energizing the phase winding over a plurality of 
energization cycles to produce a given desired output on the rotor. The energizing of the 
phase winding also produces a normal force tending to cause movement of the at least 
two stator poles towards the rotor. The normal force profile experienced by the at least 
two stator poles over a first energization cycle is different from the normal force profile 
experienced by the at least two stator poles over a subsequent energization cycle. 

In accordance with one aspect of the present invention, there in provided an 
electromagnetic machine including a rotor defining a plurality of rotor poles. Each rotor 
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pole has a pole face defining an angular width. The angular widths of each of the rotor 
poles are substantially the same. The electromagnetic machine also includes a stator 
defining a first set of opposing stator poles and a second set of opposing stator poles. 
Each of the stator poles is associated with at least one current carrying member such that 
a stator pole is energized when current is flowing through a current carrying member 
associated with the stator pole. The electromagnetic machine also includes a circuit for 
energizing the at least one current carrying member over a given interval so as to 
simultaneously energize the first and second sets of opposing stator poles. The 
energizing of the current carrying member also produces normal forces tending to cause 
movement of the energized stator poles towards the rotor. The normal force profile 
experienced by the first pair of opposing stator poles over the given interval is 
substantially different from the normal force profile experienced by the second pair of 
opposing stator poles over the given interval. 

Other aspects and advantages of the present invention will become apparent upon 
reading the following detailed description and upon reference to the drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing and other features and aspects of the subject invention will be best 
understood with reference to a detailed description of specific embodiments of the 
invention, which follow, when read in conjunction with the accompanying drawings, in 
which: 



FIGS. 1A illustrates an exemplary rotor pole as it rotates into and then past 
alignment with a stator pole. 

FIG. IB shows an exemplary current supplied to a coil surrounding the stator pole 
of FIG. 1A. 

FIG. 1C generally illustrates the normal forces exerted on the stator pole as a 
function of the angular position of the rotor pole for the illustrated current waveform of 
FIG. IB. 

FIGS. 2A-2B generally and schematically illustrate the types of "deflection 
modes" that are established in switched reluctance machines having two, three, and four 
normal forces, respectively. 

FIGS. 3 A and 3B illustrate how equal normal forces are distributed around a 
stator during subsequent phase energizations. 



FIG. 4A-4D detail where a positive 




occurs during the interaction of rotor 



and stator poles. 

FIG.4E-F show the flux paths for a reluctance machine having wide and narrow 
rotor poles according to a solution in the prior art. 

FIG. 4G shows the flux paths for a conventional reluctance machine. 

FIG. 5A depicts a reluctance machine having interactions with differing normal 
forces that occur on the stator poles during a given phase energization. 

FIG. 5B shows the current supplied to stator poles of the machine in FIG. 5A. 

FIG. 5C depicts resulting normal force profiles between stator and respective 
rotor poles of FIG. 5A. 
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FIGS. 6A-6D show truncated series of energizations for a reluctance machine 
with two phases. 

FIGS. 7A-7C shows a sectional view of a two-phase, four mode, reluctance motor 
having differing normal forces distributed around the stator. 

FIGS. 8 A - 8C depict the conventional and modified interactions of rotor poles 
with stator poles. 

FIG. 9A-K illustrate alternate embodiments of modified rotor and stator poles in 
accordance with the present invention. 

FIG. 9L illustrates an 8/4-reluctance machine having rotor poles as embodied in 
FIG. 9H. 

FIG. 10 shows an exemplary rotor where the length of the rotor poles is different 
at various points so as to present differing air gaps to the stator poles. 

FIGS. 11A-C illustrate the particularly advantageous use of modification of the 
stator in two mode reluctance machine systems. 

FIG 11D shows a simplified arrangement of a 4/2-reluctance machine with 
dissimilar stator pole lengths. 

FIG. 12A illustrates dissimilar current profiles with independent phase legs. 

FIG. 12B depicts two possible normal force profiles resulting from dissimilar 
current profiles supplied to a stator pole at subsequent energizations. 

FIG. 12C shows a simplified arrangement of a 4/2-reluctance machine with 
dissimilar phase windings. 

FIG. 13 illustrates an embodiment in accordance with the present invention where 
one set of stator poles is provided with notched faces. 

FIG. 14 illustrates an embodiment in accordance with the present invention where 
one set of rotor poles is provided with notched faces. 

FIG. 15 illustrates an embodiment in accordance with the present invention where 
a set of multiple stator poles is provided with notched faces. 

FIG. 16 illustrates an embodiment in accordance with the present invention where 
all rotor poles are provided with notched faces. 

FIG. 17 illustrates an embodiment in accordance with the present invention where 
all stator poles are provided with notched faces. 
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FIG. 18 illustrates an embodiment in accordance with the present invention where 
independent phase legs are supplied to the stator pole windings. 

FIG. 19 illustrates a 3 phase, 12/8 -reluctance machine in accordance with the 
present invention. 

FIG. 20 illustrates a 3-phase, 6/4-reluctance machine in accordance with the 
present invention. 

FIGS. 21A-L illustrate exemplary embodiments of rotors according to the present 
invention. 

FIGS. 22A-C illustrate exemplary embodiments of stators according to the 
present invention. 

FIG. 23A illustrates four different normal force profiles that occur with the use of 
narrow and wide poles having standard or modified faces. 

FIG. 23B and C show exemplary experimental results of the sound pressure level 
produced in a range of frequencies for different pole arrangements according to the 
present invention. 

FIG. 24 shows a cross-sectional view of a permanent magnet electric machine 
according to the present invention. 

FIG. 25 shows a cross-sectional side view of a linear induction machine according 
to the present invention. 

FIG. 26 shows a cross-sectional view of a conventional induction machine 
according to the present invention. 

While the invention is susceptible to various modifications and alternative forms, 
specific embodiments have been shown by way of example in the drawings and will be 
described in detail herein. However, it should be understood that the invention is not 
intended to be limited to the particular forms disclosed. Rather, the invention is to cover 
all modification, equivalents and alternatives falling within the scope of the invention as 
defined by the appended claims. 
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DETAILED DESCRIPTION OF THE INVENTION 



In the disclosure that follows and in the interest of clarity, not all the features for 
actual implementation are described. In the actual implementation, numerous decisions 
must be made to achieve the specific goals. Such a development effort might be complex 
and time-consuming, but would nevertheless be a routine undertaking for those of ordinary 
skill in the relevant fields. 

It has been discovered by the present inventor that noise in a reluctance machine 
can be reduced by altering the normal forces established during operation of the motor 
such that the stator poles experience differing normal forces. It has further been 
discovered that this noise reduction may be beneficially obtained by ensuring that the 
modes are rendered out of phase for a certain period of time near the point where the 
maximum deflection of the rotor would tend to occur (i.e., near the point when the stator 
poles and rotor poles reach minimum reluctance). 

First, noise reduction may be established by controlling the construction and/or 
energization of the machine such that for the energization of a given stator winding 
over a given time - one or more of the stator poles energized by the given stator winding 
experiences normal forces that are different from those experienced by other stator poles. 

Second, noise reduction may be established by controlling the construction and/or 
energization of the machine such that some or all of the stator poles energized by a first 
phase winding energized at a first given point in time experience normal forces that are 
different from some or all of the normal forces experienced by the stator poles energized 
by a phase winding energized at a second point in time. 

To better describe the differing normal forces that can occur on the stator poles 
during a given phase energization, a 8/4-reluctance machine 10 is depicted in FIG. 5A. 
The stator poles of interest for the present discussion are poles A, B, C and D, 
representing stator poles of a single phase. A four-pole rotor 20 is disposed within the 
stator for rotation therein. A phase is energized and rotor poles a, b, c and d are brought 
in relation to energized stator poles A, B, C and D respectively. The interactions of 100 
and 100' are conventional, as occurs in a typical reluctance machine. The electrical 
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interaction 200 of energized stator pole B with rotor pole b and the interaction 200' of 
energized stator pole D with rotor pole d both involve a modification of the normal force 
according to the present invention. 

As current is supplied to stator poles A, B, C and D to energize them, the 
resulting normal force between the stator and respective rotor poles is depicted in FIG. 
5B. As previously described, the normal force results from the electrical interaction of 
the rotor poles passing in relation to the energized stator poles. As a constant current is 
supplied to the stator poles, the rotor poles are brought in relation to the energized stator 
poles, and the normal forces increase 1 and 1'. When the rotor poles reach 50% 
alignment with the stator poles 2 and 2\ the current is cut off to the phase windings. 
Because the interactions for energized stator poles occurs with like-sized rotor poles-that 
is to say that there is not a substantial ratio of wide to narrow pole widths in the present 



( dL 

arrangement, the current is cutoff at a point when a positive change in — 



still occurs 



for all poles associated with an energized phase. 

As the poles reach 100% alignment, conventional interactions 100 and 100' of a 
stator pole with a rotor pole follows an increasing normal force profile 3 after cut off of 
the current. Interaction 100 of stator pole A with rotor pole a as shown in FIG. 5A 
follows this increasing profile, as does interaction 100' of stator pole C with rotor pole c. 
In contrast, altered interaction 200 of stator pole B with rotor pole b as shown in FIG. 5A 
follows a decreasing profile 4, as the poles pass beyond 50% alignment. Likewise, 
altered interaction 200' of stator pole D with rotor pole d as shown in FIG. 5A also 
follows this decreasing profile 4. 

As the machine continues to operate, a desired output is reached. Although the 
individual torque produced for any given interaction for any given phase may differ from 
the torque produced by a different interaction, the desired output can be described as the 
resulting or averaged output of all of the pole interactions for all of the phases for a 
period of time. 

As seen in FIGS. 5A-C above, differing normal forces can occur at the same time 
on different stator poles during a given phase energization. A unique distribution of the 
deflections results around the stator at that given time due to differing normal force 
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profiles on the poles. The unique distribution of deflections of the stator can then be 
produced at any other given time in a series of subsequent energizations. Therefore, the 
deflections of the stator can be changed at a given time to reduce the noise produced by a 
reluctance machine. 

Also important to the present discussion, a normal force can occur on a stator pole 
during a subsequent energization that is different than a normal force occurring at an 
earlier energization. The deflection at that stator pole then changes over time. Applying 
the changes to various stator poles around the stator results in deflections of the stator 
that change dynamically over time. 

To help illustrate this discussion, FIGS. 6A-D show a truncated series of 
energizations or energization cycles for an 8/4-reluctance machine with two phases. The 
use of the 8/4-reluctance machine is for simplicity in description. The present description 
applies to more complex reluctance machines and additional phase configurations. 

FIG. 6A gives a truncated series of four energizations occurring at times tl, t2, t3 
and t4. The series can be extended on indefinitely. At tl, phase A is energized so that 
the four stator poles with hatch lines are energized. The rotor is shown disposed within 
the stator poles and has four rotor poles. Two of the rotor poles are modified according 
to the present invention and are presented as darkened poles. 

The modified rotor poles produce a different normal force profile as discussed 
previously than that of the conventional rotor poles. The resulting normal force profiles 
for the interaction of the modified rotor poles with respective energized stator poles are 
shown as the radially opposed "A's" around the stator. Similarly, the different normal 
force profiles for the interaction of the unmodified rotor poles with respective energized 
stator poles are shown as the radially opposed "VV around the stator. 

The deflections caused by the disparate normal forces on the yoke are presented 
in the second series below in FIG. 6A. A simplified representation of the deflections 
caused by the forces is shown. Deflections 10 and 10' result from the normal forces of 
the radially opposed "A's". Deflection 20 and 20' result from the normal forces of the 
radially opposed "VV. The deflections are shown as differing in magnitude and are 
exaggerated to illustrate the overall state of the stator yoke. In the present and forgoing 
discussions, it is to be understood that the deflections as depicted are simplifications of a 
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more complex natural phenomenon. Additionally, it is to be understood that the 
deflections may not differ only in magnitude, but involve additional features not readily 
presented in the present Figures. The deflections of the stator will be further understood 
in later discussions when details of the normal forces and interactions of stator poles with 
rotor poles are presented in more detail. 

With the subsequent energization at time t2, the rotor has been displaced, and 
phase B is energized. The differing normal forces A and V shift in location around the 
stator. With the subsequent energization at time t3, t4 and so on, the rotor continues to 
rotate as the phases A and B are energized in succession. The differing normal forces 
shift accordingly around the stator so that the deflections of the stator change 
dynamically in time. As a result, the noise produced by vibration of the stator is reduced 
in comparison to that of conventional reluctance machines that have substantially equal 
and similar normal forces acting on all the poles of a given phase during a given 
energization. 

FIG. 6B also gives a truncated series of four energizations occurring at times tl, 
t2, t3 and t4. The series can be extended on indefinitely. At tl, phase A is energized so 
that the four stator poles with hatch lines are energized. The rotor is shown disposed 
within the stator poles and has four rotor poles. Two of the stator poles are modified 
according to the present invention and are presented with darkened pole ends to 
differentiate them from the other two stator poles. 

The modified stator poles produce a different normal force profile as discussed 
previously than that of the other stator poles. The resulting normal force profiles for the 
interaction of the modified stator poles with respective rotor poles are shown as the 
radially opposed "A's" around the stator. Similarly, the resulting normal force profiles 
for the interaction of the unmodified stator poles with respective rotor poles are shown as 
the radially opposed "VV around the stator. Deflections 10 and 10' result from the 
normal forces of the radially opposed "AV\ Deflection 20 and 20' result from the 
normal forces of the radially opposed "VV\ 

With the subsequent energization at time t2, the rotor has been displaced, and 
phase B is energized. The distribution of normal forces around the stator involves 
interactions of unmodified stator poles with rotor poles. Therefore, all of the force 
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symbols are " W in shifted location around the stator. All of the deflections at time t2 
are substantially equal and are shown below as 20, 20', 20" and 20'". With the 
subsequent energization at time t3, the rotor continues to rotate as the phases A is 
energized. The differing normal forces occur again as before at time tl. The deflections 
also resemble the configuration depicted at tl . 

With energization at t4, the distribution of the forces resembles that of t2, where 
all of the normal forces are substantially similar. All of the deflections are substantially 
similar. As a result, the deflections of the stator change at a given time in the series of 
energizations. As a result the noise produced is less than conventional reluctance 
machines that have substantially equal and similar normal forces acting on all the poles of 
a given phase during successive energizations. 

Continuing with FIG. 6C, a more complicated series of energizations is depicted. 
At tl, phase A is energized so that the four stator poles with hatch lines are energized. 
The rotor is shown disposed within the stator poles and has four rotor poles. Two of the 
stator poles are modified according to the present invention and are presented with 
darkened pole ends to differentiate them from the other two stator poles. 

The modified stator poles produce a different normal force profile as discussed 
previously in contrast to that of the unmodified poles. The resulting normal force profiles 
for the interaction of the modified stator poles with respective rotor poles are shown as 
the radially opposed "A's" around the stator. Similarly, the resulting normal force 
profiles for the interaction of the unmodified stator poles with respective rotor poles are 
shown as the radially opposed "VV around the stator. The resulting deflections are 
depicted below as before. 

With the subsequent energization at time t2, the rotor has been displaced, and 
phase B is energized. Note that the two of the phase B stator poles are modified 
according to the present invention and produce a dissimilar normal force on the stator. 
The arrangement of the deflections is also displaced. 

With energization and time t3, the rotor again is displaced, and phase A is 
energized. Note that none of the stator poles at time t3 is modified. Accordingly, all of 
the normal forces involve the interaction of unmodified stator poles with rotor poles 
distributed around the stator. All of the deflections are substantially similar. 
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At time t4, Phase B is energized, as the rotor rotates. Now, two of the stator poles 
are modified according to the present invention and produce a dissimilar normal force. 
The normal forces can thus be altered at a given time and/or over time with the present 
arrangement. The changing normal forces during subsequent energizations on the same 
phase on a stator pole can be accomplished electrically. Details are presented later in the 
present discussion. 

Turning to FIG. 6D, a more complicated series of energizations is depicted. At tl, 
phase A is energized so that the four stator poles with hatch lines are energized. The 
rotor is shown disposed within the stator poles and has four rotor poles. Two of the rotor 
poles are modified according to the present invention and are depicted as darkened poles. 
Also, two of the stator poles are modified according to the present invention and are 
presented with darkened pole ends to differentiate them from the other two stator poles. 

The modified rotor and stator poles produce a different normal force profile as 
discussed previously than those of the unmodified poles. The resulting normal force 
profiles for the interaction of the modified stator poles with modified rotor poles are 
shown as the radially opposed "O's" around the stator. This normal force produces a 
deflection 10. Similarly, the resulting normal force profiles for the interaction of the 
unmodified stator poles with respective rotor poles are shown as the radially opposed 
"V's" around the stator. This normal force produces a deflection 20. 

With the subsequent energization at time t2, the rotor has been displaced, and 
phase B is energized. The distribution of normal forces around the stator involves 
interactions of unmodified stator poles with unmodified rotor poles. A "V" denotes the 
normal forces. Also, interactions of unmodified stator poles with modified rotor poles 
occur at time t2 and are denoted by "A's". This normal force produces a deflection 12. 

With the subsequent energization at time t3, the rotor continues to rotate as the 
phases A is energized. The distribution of normal forces around the stator involves 
interactions of modified stator poles with unmodified rotor poles. The normal forces are 
denoted by a "o". This deflection is represented as 14 below. Also, interactions of 
unmodified stator poles with modified rotor poles occur at time t2 and are denoted by 
"A's". With energization at t4, the distribution of the forces continues to alter around the 
stator. As a result the noise produced is less than is produced by conventional reluctance 
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machines that have substantially equal and similar normal forces acting on all the poles of 
a given phase during successive energizations. 

As discussed above, in accordance with certain aspects of the present invention, 
the mechanical design or electrical energization of a reluctance machine may be 
controlled such that -- for the energization of a given stator winding over a given time - 
one or more of the stator poles energized by the given stator winding experiences normal 
forces that are different from those experienced by other of the stator poles. 

With the understanding of how normal forces can be made different from one 
another and how they can be distributed around the stator of a reluctance machine at a 
given time and/or over time, further details of how differing normal force profiles are 
mechanically produced will be discussed. Focus is first placed on mechanical 
modification of the rotor to achieve noise reduction in the reluctance machine. 

One exemplary embodiment of a machine having a construction in which one or 
more of the stator poles energized by the given stator winding experiences normal forces 
that are different from those experienced by other of the stator poles is illustrated in 
Figure 7A. 

FIG. 7A shows a sectional view of a two-phase, four-mode reluctance motor. The 
motor has a stator 20 formed from a stack of substantially identical magnetically 
permeable laminations that forms a yoke disposed around a central bore 30. A plurality 
of poles 22 extends from the stator yoke into the central bore. In the exemplary 
embodiment of Figure 1, there are eight stator poles that may be divided into four pairs of 
radially opposed poles 22a-a', 22b-b\ 22c-c\ and 22d-d' are situated around the yoke. 
Each of these stator poles has a face 24. 

Phase windings 26 and 28 are disposed around the phase A and phase B stator 
poles respectively for generating magnetic fields that extend from the stator poles into the 
central bore. Phase windings 26 and 28 are alternately disposed on every other stator 
pole and are wound such that for every pole of one polarity there is a corresponding pole 
of an opposite polarity. Thus, it may be noted that the coils comprising phase winding 26 
are disposed about radially opposed stator poles 22a-a\ 22b-b% while the coils 
comprising phase winding 28 are disposed about radially opposed stator poles 22c-c% and 
22d-d\ 
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A rotor 40 is disposed in the central bore 30 for rotation therein. The rotor 40 has 
four outwardly extending poles. The poles of the rotor are divided into radially opposed 
pairs 42a-a\ 42b-b'. 

Because each phase winding includes coils encircling two radially opposed pairs 
of stator poles, and because the rotor has four outwardly extending rotor poles, the 
exemplary motor of FIG. 7 A is a four mode motor. As such, during each energization of 
a phase winding there will be four substantially localized areas where normal forces will 
act on the stator. 

In accordance with one exemplary aspect of the present invention the outwardly 
extending poles of the rotor are mechanically constructed to ensure that the normal forces 
exerted on some of the stator poles energized by a given phase winding are different form 
the normal forces exerted on other of the stator poles energized by that phase winding. 
To that end, the rotor poles comprising radially opposed pair 42a-a' are constructed to 
have a uniform face 44 while the rotor poles comprising radially opposed pair 42b-b' are 
constructed to have a non-uniform, notched face designated 46. 

A controller 50 is coupled to the switched reluctance machine. The controller 
generally has phase drivers, power supply, speed control, and circuitry with which to 
control the energizations of the reluctance machine, to effect rotation of the rotor in 
accordance with energization techniques generally known in the art of switched 
reluctance motors. 

The notched faces 46 on radially opposed rotor poles 42b-b> are formed such that, 
as the phase windings 26 and 28 are energized and the rotor rotates with respect to the 
stator, the normal forces experienced by the stator poles will be dissimilar. Thus, for 
example, when phase winding 26 is energized and the rotor is rotating clockwise normal 
forces will be established on stator poles 22a-a' that generally follow the curve reflected 
in FIG. 7B, while, under the same circumstances, normal forces will be established on 
stator poles 22c-c' that generally follow the curve presented in FIG. 7C. 

As the two-phase electronic commutation excites the phase windings 26 and 28 in 
proper sequence, the rotor 40 moves relative to the stator 20. Specifically, the excitation 
of the phase windings produces a north and south pole on the radially opposed pair of 
poles 22. The excited windings also create a magnetic flux path that passes through the 
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polarized pair, the rotor and the yoke. In response to the flux, rotor 40 moves to bring 
rotor poles 42 into minimum reluctance relation relative to the polarized pair of stator 
poles. The minimum reluctance relation corresponds to the point of maximum 
inductance of the energized stator pole. 

To further illustrate the interaction of modified and conventional rotor and stator 
poles, a series of figures are presented. FIGS. 8 A - 8C depict the interaction of a rotor 
pole 42 with a stator pole 22. The poles described constitute part of the switched 
reluctance motor and are isolated from the motor for the purposes of illustration. 

The interaction of conventional rotor poles and stator poles, as discussed 
previously in FIG. 4D, is repeated here in FIG. 8A as Curve A. In contrast to the 
induction Curve A, the inductance curve B, in FIG. 8B, shows the change in inductance 
as a function of the angular position of a notched faced rotor pole 42b in relation to a 
uniform faced stator pole 22. Distinct changes in the slope of the inductance curve occur 
as the notched faced rotor pole moves in relation to the stator pole. The inductance 
climbs steadily 1 as the rotor pole approaches. A decrease in slope 2 then results in the 
inductance as the notch in the face of the rotor pole begins to interface with the stator 
pole. The change in inductance results from the absence of magnetically permeable 
material due to the presence of the notch. The two poles then reach maximum inductance 
3 when they align, and the inductance curve declines 4 in a similar fashion as the poles 
pass out of relation. As evidenced, curve B has a non-uniform profile for the electrical 
interaction of a notched faced rotor pole with a uniform face stator pole as they pass in 
relation to one another. 

The different inductance curves A and B create dissimilar normal force profiles 
for the interactions between uniform and uniform poles and between notched and uniform 
poles. It will be appreciated that, even though the present illustrations show the variation 
of uniform or notched faced rotor poles interacting with uniform stator poles, additional 
combinations of interactions are envisioned that will also produce dissimilar normal force 
profiles. 

FIG. 8C helps to further illustrate the difference between conventional normal 
force profiles between poles with uniform faces and those normal force profiles presented 
according to the present invention. Graph 8C shows the magnitude of the normal force as 
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a function of rotor pole position. As evidenced in curve A, the normal force profile for 
the rotor poles 42a with uniform face 44 in relation to the stator pole 22 has a uniform, 
parabolic shape that reaches a maximum as the poles come near minimum reluctance. 

In contrast, curve B provides an alternate normal force profile for the rotor pole 
42b with notched face 46 in relation to stator pole 22 with uniform face 24. In this 
instance, the change in the magnitude of the normal force as the rotor pole displaces in 
relation to the stator pole has a non-uniform profile. Notably, the curve has two humps. 
The first hump is larger due to the fact that the stator pole remains energized, while the 
second hump is diminished due to the cutoff of the current to the stator pole. 

Although two normal force profiles are depicted, any number of possible normal 
force profiles can result from various combinations of pole faces. As the reluctance 
motor operates, the interactions of rotor poles and energized stator poles will have normal 
force profiles that alternate depending on the faces that interact at a given energization. 
Thus, notched-faced poles can be used to phase the primary modes of deflection of the 
stator. 

Additionally, an exemplary rotor where the length of the rotor poles is different at 
various points so as to create differing normal forces on the stator poles is shown in FIG. 
10. A first set of the rotor poles A-A' have a first given length L (when measured form 
the tip of the pole to the yoke of the rotor). The resulting air gap between rotor poles A- 
A' and the respective stator poles is given by g. A second set of rotor poles B-B' have a 
second given length 1 which is different from the first given length L. The resulting air 
gap between rotor poles B-B> and the respective stator poles is given by G. 

The difference in lengths L and 1 means that poles A-A' have a different 
inductance profile than poles B-B'. Consequently, the normal forces produced as the 
rotor poles pass in relation to energized stator poles will also be different. Therefore, the 
presentation of such a rotor having varied lengths of poles establishes differing normal 
forces as described above. It will readily be understood that the present modifications 
can also apply to varied lengths of stator poles in order to establish differing normal 
forces as described above. 

For purposes of the embodiment of Figure 7A, the precise form of the rotor poles 
is not critical as long as the rotor poles are constructed to establish different forces on the 
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stator poles. In some of the illustrated embodiments, the notches on rotor poles are used 
to provide the differing forces. Alternate embodiments with a number of alternative 
notches for both rotor and stator pole faces are illustrated in accordance with the present 
invention. The poles are constructed of a stack of laminations, and typically the height of 
the stack that forms the pole is much greater than its width. 

In FIG. 9, notched face A represents a deep, U-shaped indentation 10 along the 
radial center of the pole face 20, extending from the top 30 of the pole to the bottom 40 of 
the pole. The top of the pole and the bottom of the pole are differentiated from the 
leading edges 50 of the pole. The leading edges are the portions of the pole that first 
come into relation with an opposing pole when the motor is in operation. 

In like manner, notched face B represents a wide, chamfered indentation in the 
pole face, also centrally located in the pole and extending from the top to the bottom of 
the pole. Also, notched face C represents a shallow indentation in the pole face, while 
notched face D represents a raised indentation in the pole face. Finally, notched pole E 
represents an offset notch not located on the radial center of the pole. For contrast to the 
notched faces, uniform face F is presented in FIG. 9 to illustrate the typically uniform 
face of a switched reluctance motor pole. 

As those of ordinary skill in the art will appreciate, the use of notches can, in 
some instances, create rotor poles that may interact with the air surrounding the rotating 
rotor when rotating at high speeds. Noise then results from the "trapping" of air in the 
notched regions of the rotor pole. Such noise is sometimes referred to as "windage" 
noise. Alternative rotor designs that have decreased tendency to produce windage noise 
are envisioned that also meet the objectives described above of altering the radial forces 
established when the rotor poles move towards and into alignment with the stator poles. 

One such alternative embodiment involves the use of closed or "semi-closed" 
rotor poles that include areas near the pole face of the rotor pole to be modified that have 
magnetic material removed so as to leave an air gap or a portion of the rotor that includes 
material that will not conduct magnetic flux. An example of a rotor pole having a closed 
configuration is provided in FIG. 9G, where a portion of the rotor pole material has been 
removed at 20 to define a bore passing through the rotor pole face. The use of a closed 
rotor pole allows for control of the radial forces established as the closed rotor pole 
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moves towards and into alignment with the stator poles, but does not have the same 
tendency to produce windage noise as a notched rotor pole. 

Because a notch or bore may involve the absence of magnetically permeable 
material from the pole, it is conceivable that a magnetically non-permeable material 
could be inserted into the depression, notch or bore and still have the desired effect of 
affecting the normal forces. Such use of non-permeable material could be advantageous 
in avoiding the issue of windage described above as well as other associated problems. 

A still further alternate embodiment involves the utilization of a rotor wherein the 
length of the rotor poles is different at various points so as to present differing air gaps to 
the stator poles associated with an energized phase winding. One exemplary rotor pole 
having such a construction is shown in FIG. 9HL The pole face is provided with a step so 
that the length of the rotor poles is different at portion 10 and 20. As a result, differing 
air gaps are presented to the stator poles associated with an energized phase winding as 
the rotor poles pass in relation. 

FIG. 91 shows two embodiments of notches that pass through the laminations that 
construct the pole without altering the actual face of the pole. An axial bore 20 passes 
from the top of the pole 30, through the myriad of laminations that make the pole, and to 
the bottom of the pole 40. The axial bore may have a variety of shapes in order to effect 
the normal force profile associated with the pole. Bore 20 is a cylindrical bore, while 
bore 21 is a half-cylindrical bore. 

FIG. 9J shows a notch in the pole face 10 having a narrow opening 20 in the pole 
face. The notch also has a wider bore section 22 that pass through the laminations of the 
pole from the top 30 to the bottom 40 of the pole. 

FIG. 9K shows another embodiment of a notch 20 in a pole face 10 according to 
the present invention. The notch runs along the width of the pole face from a leading 
edge 50 to a trailing edge 50', instead of those described above that pass from the top 30 
to the bottom 40 of the pole. 

FIG. 9L illustrates an 8/4-reluctance machine having rotor poles as embodied in 
FIG. 9H. The reluctance machine includes a stator 10 having four radially opposed pairs 
of stator poles 30a-d. The poles each have a face 32. Disposed within the stator 20 is a 
rotor 40. The rotor has two radially opposed pairs of rotor poles 40a«b. Each of the rotor 
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poles has a defined as having a step as embodied in FIG. 9H. The radially opposed pair 
40a-a' has a face 50, while the radially opposed pair 40b-b' has a face 51. 

The rotor pole faces 50 of the pair 40a-a' includes a first portion 52 of the pole 
that is further from opposing stator poles faces than a second portion 54. As the rotor 
pole turns in the clockwise direction, for example, the first portion 52 of the pair 40a-a' is 
first brought into relation with an energized stator pole. As the rotor then is displaced 
further clockwise, the second portion 54 comes into relation with an energized stator 
pole. Thus, for rotor pole pair 40a-a' ? the first 50% of rotor pole alignment with 
energized stator poles involves the first portion 52 with a less inductive material. 

In contrast, the rotor pole faces 51 of the pair 40b-b' includes a first portion 56 of 
the pole that is closer to opposing stator poles faces than a second portion 58. As the 
rotor pole turns in the clockwise direction, for example, the first portion 56 of the pair 
40b-b' is first brought into relation with a given, energized stator pole. As the rotor then 
is displaced further clockwise, the second portion 58 comes into relation with an 
energized stator pole. Thus, for rotor pole pair 40b-b', the first 50% of rotor pole 
alignment with energized stator poles involves the first portion 56, while the second 50% 
of rotor pole alignment involves the second portion 58 with a less inductive material. 

Given the arrangement of pole faces 50 on pair 40a-a' and pole face 51 on pair 
40b-b\ the stator encounters two, substantially different normal forces in 90 degree 
opposition to one another on the stator pole. With each energization, the specific 
deflection mode resulting from these differing normal forces is repeated around the 
stator. 

The depth, width and location of the notch on the pole face directly determine the 
normal force profile that will be produced when a rotor pole passes in relation to an 
energized stator pole. Since the notch involves the addition or absence of ferromagnetic 
material, the inductance depends accordingly on the position and magnitude of the 
modification as the poles pass in relation to one another. For example, radially opposed 
pair of poles with symmetrically offset notches produces diametrically opposed normal 
force profiles. This arrangement contrasts with radially opposed pairs with 
asymmetrically offset notches where the normal forces are not diametrically opposed. 
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As an additional example, a deep notch on a pole face generally reduces the noise 
spike at IX the fundamental commutation frequency, but may create an additional noise 
spike 2X the fundamental. A more shallow notch, though, can lessen the additional noise 
spike at the 2X fundamental commutation frequency. 

Those knowledgeable in the related arts will understand that rotor poles generally 
have a convex surface for their face, while stator poles generally have a concave surface 
for their face. The notched faces presented according to the present invention constitute a 
modification of the typical pole face. The modification is made to alter the inductance 
between poles and thereby alter the normal force acting between poles. 

It will also be appreciated that the present embodiments for the various notches 
does not exhaust all representations and that a variety of deep, shallow, raised or offset 
modifications can be envisioned in accordance with the present invention. Furthermore, 
the modification does not necessarily require that it extend from the top to the bottom of 
the pole face. Consequently, the notch can be a bore, plug, or series of such 
modifications on only part of the pole face. 

As with the rotor, the stator of a reluctance machine may have different stator 
pole configurations to mechanically alter the normal forces on the machine. The different 
stator pole configurations can be used in isolation from or in combination with other 
configurations disclosed herein. 

The use of a stator having different stator pole configurations is believed to be 
particularly advantageous in two mode reluctance machine systems. In such systems, 
modification of the rotor to provide alternating normal forces would have a tendency to 
render the rotor unbalanced and potentially result in unwanted vibration (and vibrational 
noise) as the rotor rotates with respect to the stator. 

FIGS. 11A-B illustrate the particularly advantageous use of modification of the 
stator in two mode reluctance machine systems. FIG. 11 A shows a 4/2-reluctance 
machine 10 with two phases. Because the rotor 20 has little material, the modified face 
22 can create an imbalance as the rotor rotates relative to the stator. For this reason, a 
modified face on a stator pole is potentially more advantageous. 

FIG. 11B shows a 4/2-reluctance machine 10 with two phases. Stator pole 12 has 
a modified face 14. Therefore, the rotor 20 will not be unduly imbalanced as it rotates 
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relative to the stator, and still noise is reduced due to differing normal forces acting on 
the stator. 

FIG. 11C shows another 4/2-reluctance machine 10 with two phases. Stator poles 
11 and IP have standard faces 13 and 13', while stator poles 12 and 12' has a modified 
faces 14 and 14\ Therefore, the rotor 20 will not be unduly imbalanced as it rotates 
relative to the stator, and still noise is reduced due to differing normal forces acting on 
the stator in time phase. 

In addition to the modification of the stator pole faces to reduce noise of the 
reluctance machine in accordance with the present invention, the lengths of the stator 
poles can be made dissimilar to achieve the effect of differing normal forces acting on the 
stator. FIG 11D shows a simplified arrangement of a 4/2-reluctance machine 10 with 
dissimilar stator pole lengths. Stator poles 12 and 12' have a length L as measured from 
the yoke to the free end of the stator pole. The length L differs from the length 1 of stator 
poles 14 and 14'. Although radially opposed pairs are depicted with disparate lengths, it 
is conceivable that only one or some of the stator poles be provided with a differing 
length. 

The preceding discussion focused on mechanical means for controlling the normal 
forces established in a reluctance machine so as to reduce noise. It will be appreciated 
that the normal forces can also be differed electrically by controlling the manner in which 
a reluctance machine is energized. 

It has also been discovered by the present inventor that noise in a reluctance 
machine can be reduced by altering the normal forces established by the energization of 
one or more phase windings so that the normal forces associated with the energization of 
a phase winding at a given point in time are different from the normal forces associated 
with the energization of the same or a different phase winding at a later point in time. In 
other words, the normal forces may be varied from one commutation cycle to the next. 

Given the mechanical solution of a notched face pole to reduce noise, electrical 
solution also exists for providing differing normal force profiles to reduce noise in a 
reluctance machine. First, the current that energizes the stator poles during the series of 
energizations can be provided with dissimilar profiles. The dissimilar current profiles 
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can be used independent of or in conjunction with other modifications to achieve noise 
reduction in the reluctance machine. 

Referring to the 8/4-switched reluctance motor described earlier, FIG. 12A 
illustrates dissimilar current profiles for radially opposed stator poles 22a-a\ Typical 
current profiles, as described previously, involve a ramp increase 1 to energize the stator 
pole. Then, the current is maintained at a constant level 2 to bring the rotor pole into 
minimum reluctance relation to the stator pole. Once the rotor pole has aligned with 50% 
of the stator pole, the current undergoes a sharp cutoff 3. The current decreases 4. The 
rotor pole reaches minimum reluctance as it aligns 100% with the stator pole, and the 
rotor pole passes the stator pole. 

An additional current profile is shown according to the present invention, as also 
depicted in FIG. 3D. The second current profile would occur at a subsequent 
energization of the stator poles 22a-a' in the series of energizations or the energization 
cycles. Again, the second current involves a ramp increase V to energize the stator pole. 
Then, the current is maintained at a constant level 2' to bring the rotor pole into minimum 
reluctance relation to the stator pole. Once the rotor pole has aligned with 50% of the 
stator pole, the current undergoes a sharp cutoff 3'. The current is then decreased 5. The 
rotor pole then reaches minimum reluctance as it aligns 100% with the stator pole, and 
the rotor pole passes the stator pole. The independent phase leg 5 has a different degree 
of decay of the current supplied to the stator pole than the independent phase leg 4. The 
apparatus of the controller determines the independent phase leg supplied in the series of 
energizations. 

The two current profiles create distinct normal force profiles at the energized 
stator pole when a rotor pole passes in relation. FIG. 12B depicts two possible normal 
force profiles resulting from dissimilar current profiles supplied to a stator pole at 
subsequent energizations. Curve A represents the typical normal force profile that 
develops from the use of independent phase leg 4. Curve B shows a quite distinct normal 
force profile resulting from the use of independent phase leg 5 with a steeper current 
decay. Consequently, the normal force profile of curve A has a larger maximum than 
curve B and occurs at different degree of alignment. 
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Although two current profiles are depicted, any number of possible current 
profiles can energize the stator poles during the series of energizations. As the switched 
reluctance motor operates, the controller can provide a multitude of current profiles with 
which to alter the normal forces acting on the stator. Thus, the use of different current 
profiles in the series of energizations, like the notched face pole, can also be used to 
phase the primary modes of deflection of the stator to reduce noise. 

Still further, electrical control of the forces can be obtained by controlling the 
number of coil turns used in the various phase windings. The phase windings for the 
various stator poles may be given differing number of wrappings to produce dissimilar 
normal forces acting on the stator. FIG. 12C shows a simplified arrangement of a 4/2- 
reluctance machine 10 with dissimilar phase windings 16 and 18. Phase windings 16 are 
wrapped around stator poles 12 and 12', while phase windings 18 are wrapped around 
stator poles 14 and 14'. 

The windings 16 have more wrappings of wire to form the coil than those of 
windings 18. As a result, the magnetic field produced by stator poles 14 and 14' with the 
energized phase windings 16 will differ from that of poles 12 and 12' with greater phase 
windings 18. The normal forces produced by stator poles 14-14' will be less than 
produced by 12-12'. Hence, for the energization of a given stator winding over a given 
time - one or more of the stator poles energized by the given stator winding experiences 
normal forces that are different from those experienced by other of the stator poles. 

With the present understanding of the effect of using the various modifications 
described herein to provide differing normal forces, additional embodiments of switched 
reluctance motors in accordance with the present invention are presented. Although 
winding for two phases is depicted in the present and foregoing illustrative embodiments, 
the present invention applies to reluctance machines with a greater number of phases. 
The presentation of two-phase reluctance machines is only done for simplicity. 
Additionally, it is also to be understood that the stator/rotor combinations presented 
herein do not limit the possibility of the present invention applying to ratios for 
reluctance machines not explicitly shown. 

With reference to FIG. 13, a sectional view of a three-phase 12/8-switched 
reluctance motor 10 in accordance with the present invention is illustrated. The rotor has 
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six radially opposed pairs of poles situated radially around stator 20. These pairs of 
radially opposed rotor poles are divided into two sets. First set 30 is composed of 
radially opposed rotor poles 30A, 30B, and 30C with each pole having a notched face 32. 
Second set 34 is composed to 34A, 34B, and 34C with each pole having a uniform face 
36. As evidenced, the first and second sets are situated around the stator yoke such that 
the radially opposed pairs alternate for each set. Rotor 40 has four pairs of radially 
opposed poles 1-1', 2-2% 3-3' and 4-4'. 

As the phases A, B, and C are energized to rotate the rotor, the stator will oscillate 
between two configurations of deflection. As phase B is energized, rotor pole pairs 2-2, 
and 4-4' with uniform faces will be brought into relation to the energized stator poles of 
phase B having notched faces on pair 30B and uniform faces on 34B. 

As phase C is then energized, the rotor pole pairs 1-1' and 3-3' with uniform 
faces are brought into relation to the energized stator poles of Phase C having notched 
faces of 30C and uniform faces of pair 34C. The stator will have a four-mode deflection 
that is similar to that of phase B, but will be offset around the stator yoke by 30°. As 
phase A then energizes, the configuration takes on a four mode deflection that is similar 
in nature to what occurred in phase B and C above, but the four mode deflection is offset 
30° from the alignment of Phase C. 

As a result of the present motor configuration where the differing normal force 
profiles are situated as part of the stator poles, the deflection of a single stator pole 30 or 
34 will be the same for each energization of its phase winding. Therefore, the deflection 
of the stator at a given location does not change at a given time in the series of 
energizations. Rather, the four-mode deflection changes alignment around the stator with 
each energization of the series. 

Referring to FIG. 14, another stator/rotor configuration is illustrated in accordance 
with the present invention. The distinctive feature of the present embodiment lies in the 
fact that all of the stator poles 30 have a uniform face 32 while the rotor has a 
combination of notched and uniform faces. Referring specifically to rotor 40, the rotor 
contains four radially opposed pairs of poles. The radially opposed pairs are further 
divided into two sets. The first set 42 contains radially opposed pairs 1-1' and 2-2' with 
each pole of the set having a notched face 44. The second set 46 contains radially 
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opposed pairs 3-3' and 4-4' with each pole of the set having a uniform face 48. First and 
second sets are situated such that the radially opposed pairs alternate around the rotor. 

As the phases A, B, and C are energized to rotate the rotor of FIG. 14, the stator 
oscillates between configurations of four-mode deflection. As phase B is energized, rotor 
pole pairs 2-2, and 4-4' with notched faces will be brought into relation to the energized 
stator poles of phase B. The stator will have a four-mode deflection that is different 
across radially opposed pair 30B-B" from 30B'-B"\ 

As phase C is then energized, the rotor pole pairs 1-1' and 3-3' with notched faces 
are brought into relation to the energized stator poles of Phase C. The stator will have a 
four-mode deflection that is different across radially opposed pair 30C-C" from 30C- 
C", yet the stator will have a four-mode deflection that is similar to that of phase B. 
Furthermore, the four-mode deflection will be offset around the stator yoke by 30°, 
relating to the angular displacement of the stator poles of differing phases. As phase A 
then energizes, the configuration takes on a four mode deflection that is similar in nature 
to what occurred in phase B and C above, but Phase A is offset 30° from the alignment of 
Phase C. 

As a result of the present motor configuration where the differing normal force 
profiles are adjacent on the rotor, the deflection of a single stator pole 30 will change 
with each energization of its phase winding. The change will involve a cadence of 
normal and modified deflections of a given stator. The deflection of the stator at a given 
location changes at a given time in the series of energizations. 

Referring to FIG. 15, a 12/8-switched reluctance motor is illustrated in 
accordance with the present invention. The notable difference of the present embodiment 
in contrast to previous embodiments lies in the fact that the stator 20 has two sets of 
radially opposed pairs of poles 30 and 34, while the rotor 40 contains four radially 
opposed pairs of poles 42 with uniform face 44. The first set 30 of radially opposed 
stator poles includes 30a-a', 30b-b\ and 30c-c\ The second set 34 of radially opposed 
stator poles include 34a-a\ 34b-b\ 34c-c\ The first and second set are situated around 
the rotor yoke in such a manner that they alternate. 

Referring to FIG. 16, a 12/8-switched reluctance motor is illustrated in 
accordance with the present invention. The notable difference of the present embodiment 
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in contrast to previous embodiments lies in the fact that all of the stator poles 30 have 
uniform faces 32 while the rotor poles 42 have notched faces 44. 

Referring to FIG. 17, a 12/8-switched reluctance motor is illustrated in 
accordance with the present invention. The notable difference of the present embodiment 
in contrast to previous embodiments lies in the fact that all of the stator poles 30 have 
notched faces 32 while the rotor poles 42 have uniform faces 44. 

FIG. 18 shows a three-phase, 12/8 reluctance motor according to the present 
invention. For the present embodiment, all of the stator poles 30 have a uniform face, 
and all of the rotor poles 42 also have a uniform face. A controller 50 is shown 
connected to three Phases A, B and C that are wound alternating about the stator poles. 

The controller is designed in such a manner as to provide 6 independent phase 
legs for the current that energizes the phase windings. Recall that the normal force 
profile for the interaction of a stator pole with a rotor pole can be controlled electrically 
by use of an independent phase leg on the current profile used to energize a stator pole. 

Current leg 1-6 are shown supplied to radially opposed stator pole pairs of 1-1% 2- 
2% 3-3% 4-4% 5-5% and 6-6' respectively. Only one, some or all of the current legs may 
be independent in profile. As the reluctance machine operates, the independent phase 
legs create differing normal forces at the stator poles that they energize. Therefore, the 
modes of deflection of the stator can be altered electrically. It is also conceivable that the 
controller is capable of supplying more than one current leg with which to energize the 
stator poles. For example, radially opposed stator poles 1-1* could be supplied with a 
first independent current leg during a first energization, and then supplied with a second 
independent current leg during a later energization. 

FIG. 19 shows a three-phase, 12/8 reluctance motor according to the present 
invention. All of the radially opposed pairs of stator poles 30 have a uniform face 32. 
The rotor poles 42 are divided into a first set with radially opposed pairs 1-1* and 3-3' 
having notched faces 44. The second set of rotor poles of radially opposed pairs 2-2' and 
4-4' have uniform faces. Phase A has radially opposed stator poles 1-1' and 4-4'. Phase 
B has radially opposed stator poles 2-2' and 5-5% Phase C has radially opposed stator 
poles 3-3' and 6-6% 
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As the phases A, B, and C are energized to rotate the rotor, the stator will oscillate 
between two configurations of deflection. As phase B is energized, rotor pole pairs 2-2', 
and 4-4' with uniform faces will be brought into relation to the energized stator poles of 
phase B. The stator will have a four-mode deflection that is substantially equal on all of 
the poles for the Phase B. As phase C is then energized, the rotor pole pairs 1-1 ' and 3-3' 
with notched faces are brought into relation to the energized stator poles of Phase C 

Each of the deflections at the stator poles of Phase C will be substantially equal to 
each other, yet the stator will have a four-mode deflection that is different than that of 
phase A. Furthermore, the four-mode deflection will be offset around the stator yoke by 
30°, relating to the angular displacement of the stator poles of differing phases. As phase 
A then energizes, the configuration takes on a four mode deflection that is similar in 
nature to what occurred in phase B above, but Phase A is offset 30° from the alignment of 
Phase B. 

As a result of the present motor configuration where the differing normal force 
profiles alternate on the rotor, the deflection of a single stator pole 30 will alternate with 
each energization of its phase winding. Therefore, the deflection of the stator at a given 
location changes at a given time in the series of energizations. 

FIG. 20 shows an additional embodiment of a 3-phase, 6/4-reluctance machine. 
The machine has three radially opposed stator poles A, B and C, each having a phase. 
The rotor has two radially opposed pairs of rotor poles 1-1 9 and 2-2'. Three tables are 
presented below to illustrate various configurations that can be made with the present 
embodiment and others discussed herein. The present embodiment and Tables illustrate 
the interrelation of rotor pole to stator pole ration and number of phases in regards to the 
distribution of deflections around the stator with time or location. 

First, by making the radially opposed rotor pole pair 1 to have a modification such 
as a notch, Table 1 illustrates how deflections of the stator change at a given time, but the 
location of the deflections change over time around the stator. The notched pair of poles 
1 is shown in bold and underlined. With the energization of Phase A, the notched poles 1 
are brought into relation to the stator pair A of phase A. This corresponds to a first 
deflection configuration (I) since the normal force profile results from the interaction of 
notched rotor poles with uniform stator poles. 
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Continuing with the Table 1, as phase B is energized, the rotor pair 2 is brought 
into relation to the stator pair B of Phase B. This interaction corresponds to a second 
deflection configuration (II) since the normal force profile involved is the result of 
uniform stator and rotor poles. As Phase C is energized, the rotor pair I is brought into 
relation to the stator pair C of Phase C. This interaction corresponds to the first 
deflection configuration (I) since the normal force profile involves uniform stator and 
notched rotor poles. As the table further shows, the two deflection configurations (I, II) 
alter at given times during the series of energizations. Also, the deflections move around 
the stator over time with the series of energizations. 

Referring to Table 2, the stator pole pair A of the present embodiment is notched 
or modified according to the present invention. The rotor pole pairs and the other stator 
pole pairs are provided with uniform faces. Under this arrangement, deflections of the 
stator change at a given time in the series of energizations. However, the location of 
deflections remains the same on the stator. 

In Table 2, the energized stator pole pair A with notched or modified poles 
produces a first deflection configuration (I) as the rotor poles pass in relation. In 
contrast, the stator pole pairs of B and C uniform faced poles produce a second deflection 
configuration (II) as the rotor poles pass in relation. As shown in the table, the first 
configuration (I) occurs at a given time in the energizations and only at the stator pole 
pair A. 

Thirdly, this and other embodiments can be modified such that the deflection of 
the stator changes over time, and the location of deflections can be made to change 
around the stator. Table 3 shows an arrangement for the present embodiment where the 
stator pole pair A is modified, and the rotor pole pair 1 is also modified to produce 
differing normal force profiles according to the present invention. 

As a result, a more complex set of deflections makes four different configurations 
(I, II, III, IV). The distribution of deflections changes over time, and the location of the 
deflections also move around the stator over time with each phase energization. 

FIGS. 21A-L illustrate exemplary embodiments of rotors according to the present 
invention. Its is to be understood that the embodiments of rotors constitute part of a 
reluctance machine and are isolated from the machine for the purposes of illustration 
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only. Depending on the number of stator and rotor poles and phases for a given 
reluctance machine, the present embodiments produce unique deflection modes that can 
change dynamically in location or time. Although the embodiments may describe the use 
of one type of notch of pole width, it is conceivable that a rotor can be constant having 
several notch types and widths in combination. 

FIG. 21A shows an 8-pole rotor 10. Radially opposed rotor pole pairs 20a-a' and 
20c-c' are rotor poles with standard pole faces 22, while radially opposed rotor pole pairs 
20b-b' and 20d-d' are rotor poles with modified pole faces 24. The modified faces 24 
define a shallow notch within the radial center of the pole face. The shallow notch 
describes a notch wherein the width of the notch is greater than its depth. Referring to 
the blow-up detail of the notch 24, example dimensions are provided. The entire width of 
the pole is W. The depth of the notch may be around 1/3 W. Each commutation for a 
reluctance machine having the present rotor embodiment would has a different normal 
force. As a result, the rotor 10 produces different normal force profiles that shift by time 
and not by position around the stator yoke. 

FIG. 21B shows an 8-pole rotor 10. Radially opposed rotor pole pairs 20a-a' and 
20b-b> are rotor poles with standard faces 22, while radially opposed rotor pole pairs 
20c-c' and 20d-d' are rotor poles with modified faces 24. The modified faces 24 define a 
deep notch within the radial center of the pole face. The deep notch describes a notch 
where the depth of the notch is greater than its width. As a result, the rotor 10 has two, 
adjacent groups of pole pairs that produce different normal force profiles. 

FIG. 21C shows an 8-pole rotor 10. Radially opposed rotor pole pairs 20a-a' and 
20b-b' are rotor poles with standard pole faces 22, while radially opposed rotor pole pairs 
20c-c' and 20d-d' are rotor poles with modified pole faces 26. The modified faces 26 
define a wide and tapered notch within the radial center of the pole face. The wide and 
tapered notch describes a notch wherein the width of the notch is greater than its depth. 
Tapering of the notch provides a notch that is relatively 50% wider than just a shallow 
notch as described previously. 

Referring to the blown up detail of the notch 26, example dimensions are 
provided. The entire width of the notch is W. The deepest portion may have a width of 
2/3 W and a depth of 1/5. As a result, the rotor 10 has two, adjacent groups of pole pairs 
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that produce different normal force profiles. The embodiment attempts to reduce noise 
spike at 2X the commutation frequency. 

FIG. 21D shows an 8-pole rotor 10. Radially opposed rotor pole pairs 20a-a' and 
20b-b' are rotor poles with standard faces 22, while radially opposed rotor pole pairs 
20c-c' and 20d-d' are rotor poles with modified faces 28. The modified faces 28 define a 
narrow and shallow notch within the radial center of the pole face. As a result, the rotor 
10 has two, adjacent groups of pole pairs that produce different normal force profiles. 

FIG. 21E shows an 8-pole rotor 10. In the present embodiment, all radially 
opposed rotor pole pairs 20a, b, c and d define a wide and shallow notch 26 therein. The 
embodiment of rotor 10 attempts to reduce noise spike at IX the commutation frequency. 

FIG. 21F shows an 8-pole rotor 10. Radially opposed rotor pole pairs 20a-a' and 
20b-b' are rotor poles with standard pole faces 22, while radially opposed rotor pole pairs 
20c-c' and 20d-d' are rotor poles with modified pole faces 29. The modified faces 29 
define a notch offset from radial center of the pole face. As a result, the rotor 10 has two, 
adjacent groups of pole pairs that produce different normal force profiles. 

FIG. 21G shows an 8-pole rotor 10. Radially opposed rotor pole pairs 20a-a' and 
20b-b' are narrow rotor poles with standard pole faces 22, while radially opposed rotor 
pole pairs 30a-a ? and 30b-b' are wide rotor poles with modified pole faces 40. The 
modified faces 40 define a notch is the radial center of the pole face. The wide poles 30 
form a "T"- shaped head with knobs 32 projecting tangentially from the leading and 
following edges of the pole face. The ratio of widths for wide pole 30 to narrow pole 20 
is a small ratio, no greater than 1.5:1. A more preferable ratio is 1.3:1. The small ratio 
avoids the loss of efficiency of the motor, such as diminishment of the torque. With the 
structural combination of wide and narrow with standard and modified faces, the rotor 10 
produces different normal force profiles. The embodiment helps to reduce the noise 
spike at 2X the commutation frequency, as well as that at the commutation frequency. 

The use of wide poles with narrow poles having a ratio of approximately 1.3 to 1 
(wide/narrow) does change the normal forces on adjacent stator poles of a given phase. 
This configuration is effective without the use of NNSS orientation of the phase poles as 
seen in FIG. 4E-F. This configuration is also effective without the wide to narrow ratio 
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of 2.0 to 1, as seen in the references to Pengov discussed in the background section of the 
present application. 

As with any rotor pole that is wider than the stator pole, there will be times before 



stator pole/wide rotor pole interaction. The deleterious effect of reduced torque is 
minimized, because the current profile is in the decaying portion of the current. The 
situation is unlike that found in the prior art, such as with Pengov, that relies on the active 



current region when the stator pole/wide rotor pole is in a — phase (zero torque 



The use of wide poles with narrow poles having a ratio of near or less than 1.3 to 
1 (wide/narrow) can stand alone or be combined with notching to enhance the normal 
force differentiation between adjacent stator poles within a phase. 

FIG. 21H shows an 8-pole rotor 10. Radially opposed rotor pole pairs 20a-a' and 
20b-b' are narrow rotor poles with standard pole faces 22, while radially opposed rotor 
pole pairs 32a-a' and 32b-b' are wide rotor poles with modified pole faces 40. The 
modified faces 40 define a notch is the radial center of the pole face. The wide poles 32 
form a wedge shape in cross-section with the head being wider than the base. As stated 
previously, the ratio of widths for wide pole 32 to narrow pole 20 is no greater than 1.5:1, 
and more preferably 1.3:1. The small ration avoids the loss of efficiency of the motor, 
such as diminishment of the torque. With the structural combination of wide and narrow 
with standard and modified faces, the rotor 10 produces differing normal force profiles. 
The embodiment helps to reduce the noise spike at 2X the commutation frequency, as 
well as that at the commutation frequency. 

FIG. 211 shows an 8-pole rotor 10. In the present embodiment, all radially 
opposed rotor pole pairs 20 a, b, c and d have a pole face 24 with a modification 24 
thereon. The modification defines a wide, raised hub in the pole face, shown in the 
Figure as having a slight raised height and being radially centered on the pole face. 

FIG. 21J shows an 8-pole rotor 10. Radially opposed rotor pole pairs 20a-a' and 
20b-b' are narrow rotor poles with standard pole faces 22, while radially opposed rotor 



the current reaches zero that the 
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mode). 
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pole pairs 30a-a' and 30b-b' are wide rotor poles with standard pole faces 32. The wide 
poles 30 form a 'T'-shaped head with knobs 32 projecting tangentially from the leading 
and following edges of the pole face. 

FIG. 21K shows an 8-pole rotor 10. Radially opposed rotor pole pairs 20a-a' and 
20b-b' define standard rotor poles, while radially opposed rotor pole pairs 30a-a ? and 
30b-b' define wide rotor poles. In difference to the wide poles presented in previous 
embodiments, the wide poles 30 in the present embodiment have a substantially equal 
width running down its length from the head of the pole to its base. As stated previously, 
the ratio of widths for wide pole 32 to narrow pole 20 is no greater than 1.5:1, and more 
preferably near 1.3:1. The small ration avoids the loss of efficiency of the motor, such as 
diminishment of the torque. With the structural combination of wide and narrow with 
standard faces, the rotor 10 reduces the noise produced by a reluctance machine. 

FIG. 21L shows an 8-pole rotor 10. Radially opposed rotor pole pairs 20a-a' and 
20b-b' define standard rotor poles, while radially opposed rotor pole pairs 30a-a' and 
30b-b> define wide rotor poles with modified faces 34. The modified face 34 defines a 
raised hub in face of the pole. The wide poles 30 in the present embodiment have a 
substantially equal width running down the length of the pole from the head to the base. 
With the structural combination of wide and narrow with standard and modified faces, 
the rotor 10 reduces the noise produced by a reluctance machine. 

FIGS. 22A-C show exemplary embodiments of stators according to the present 
invention. Its is to be understood that the embodiments of stators constitute part of a 
reluctance machine and are isolated from the machine for the purposes of illustration 
only. Depending on the number of stator and rotor poles and phases for a given 
reluctance machine, the present embodiments produce unique deflection modes that can 
change dynamically in location or time. Although the embodiments may describe the use 
of one type of notch of pole width, it is conceivable that a stator can be constant having 
several notch types and widths in combination. 

FIG. 22A shows a 12-pole stator 10. All of the radially opposed stator pole pairs 
20a-f define wide, "T"- shaped poles. Additionally, radially opposed rotor pole pairs 
20a-c have standard pole faces 22, while radially opposed rotor pole pairs 20d-f are 
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modified faces 24. In the embodiment, the modified face 24 defines a deep notch in the 
face, radially aligned with the center of the pole face. 

FIG. 22B shows a 12-pole stator 10. All of the radially opposed stator pole pairs 
20a-f define wide, "T"- shaped poles. Additionally, radially opposed rotor pole pairs 
20a, c and e have standard pole faces 22, while radially opposed rotor pole pairs 20b, d 
and f are modified faces 24. In the embodiment, the modified face 24 defines a deep 
notch in the face, radially aligned with the center of the pole face. 

FIG. 22C shows a 12-pole stator 10. All of the radially opposed stator pole pairs 
20a-f define wide, "T"- shaped poles. Additionally, all radially opposed rotor pole pairs 
have a deeply notched face 24. 

FIG. 23A illustrates four different normal force profiles that occur with the use of 
narrow and wide poles having standard or modified faces. Curve 1 represents the normal 
force profile for a narrow pole with a standard pole face. Curve 2 represents the normal 
force profile for a narrow pole with a shallow notch in the pole face. Curve 2 shows a 
diminished magnitude in comparison to Curve 1. Curve 3 represents the normal force 
profile for a wide pole with a notch in the pole face. Although it begins at a higher 
magnitude than the standard pole of Curve 1, Curve 3 has a slightly diminished peak 
magnitude than the standard pole. Finally, Curve 4 represents the normal force profile for 
a wide pole with a standard pole face. The wide pole with unmodified face produces the 
highest magnitude of normal force profile. 

The interrelation of the above normal force curves used in combination with or 
independent from previous embodiments reduces the noise produced by a reluctance 
machine. FIG. 23B shows exemplary experimental results of the sound pressure level 
produced in a range of frequencies for different pole arrangements according to the 
present invention. 

Two configurations are depicted: narrow poles with standard pole faces and wide 
and narrow poles with notched pole faces. Notable differences in the sound pressure 
levels occur at the IX, 2X and 3X harmonics of the commutation frequency. Narrow 
poles with standard pole faces, designated "Standard" in the Figure, has a largest spike of 
roughly 57 dB in the sound pressure level at the commutation frequency (IX). The wide 
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and narrow poles with notched pole faces, designated "Wide-narrow plus Notched", has a 
smaller spike of roughly 44 dB. 

At the 2X harmonic of the commutation frequency, the "Standard" pole 
configuration again has the largest spike of roughly 43 dB in the sound pressure level. 
The "Wide-narrow plus Notched" configuration has a reduced spike at the 2X harmonic 
of roughly 42 dB. The trend reoccurs in similar fashion with the 3X harmonic of the 
commutation frequency. The "Standard" pole configuration has the largest spike of 41 
dB, while the "Wide-narrow plus Notched" configuration has the smallest spike of 40 dB. 

FIG. 23C shows exemplary experimental results of the sound pressure level 
produced in a range of frequencies for different pole arrangements according to the 
present invention. The values compared in FIG. 23B have been taken from the following 
Figure. 

Three configurations are depicted. First, the sound pressure levels for wide and 
narrow poles with modified pole faces as in the rotor of FIG. 21G is represented by a 
dashed line, Curve 1. Second, the sound pressure levels for a standard pole configuration 
is represented by a thin, solid line, Curve 2. Third, the sound pressure levels for a 
controlled induction motor is represented by a bold line, Curve 3. This curve represents a 
standard for which those knowledgeable in the art are striving. Notable differences in the 
sound pressure levels occur at the IX, 2X and 3X harmonics of the commutation 
frequency. The most exceptional difference occurs at the commutation frequency. The 
standard pole configuration, Curve 2, have the largest spike at the commutation 
frequency (IX), roughly 275 Hz, while the other configurations, Curve 1 and 3, have 
recorded levels that do not show an exceptional spike at the commutation frequency. 

Although the foregoing disclosure has explicitly described the present invention 
in terms of reluctance machines, the present invention also relates to other 
dynamoelectric or electromagnetic machines. For example, FIG. 24 shows a cross- 
sectional view of a permanent magnet electric machine. An armature 10 has a plurality 
of salient magnetic poles with armature windings. The salient magnetic poles project 
inwardly from the armature towards a permanent magnet rotor 40. Each salient pole 20 
includes a base portion 22 where the windings are wound. The distal end of the base 
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portion 22 forms a head 24. An air gap 26 lies between the face of the head portion and 
the rotor 40. 

The salient magnetic poles are divided into three radially opposed pairs of poles 
20a-a', 20b-b', and 20c-c\ Each of the radially opposed pairs is provided with a pole 
face. For the radially opposed pair of 20a-a', the pole faces 30 are provided. Likewise, 
for the radially opposed pair of 20b-b', the pole faces 32 are provided, while for the 
radially opposed pair of 20c-c\ the pole faces 34 are provided. The permanent magnet 
rotor 40 has four permanent magnet poles 42 arranged as Ni, Si, N 2 , S 2 . 

In one embodiment, the construction of the salient pole pair 20a-a' may be 
different from the construction of the other salient pole pairs 20b-b' and 20c-c\ The 
difference in construction may be in the form of a notch in the pole face 30 as described 
previously. Alternatively, the difference in construction may be an increased maximum 
air gap 26 for the radially opposed pair 20a-a' in comparison to the air gaps for the other 
salient pole pairs. 

Electrical solutions also exist for providing differing normal force profiles to 
reduce noise in the present embodiment. In yet another embodiment, the current supplied 
to the windings 12 wound around the stator poles may differ substantially between 
phases. The current that energizes the stator poles during the series of energizations can 
be provided with dissimilar profiles. The dissimilar current profiles can be used 
independent of or in conjunction with other modifications to achieve noise reduction in 
the machine. Still further, electrical control of the forces can be obtained by controlling 
the number of coil turns used in the various phase windings. 

It will be appreciated that the modifications of rotor poles as described earlier in 
respect to reluctance machines may apply as well to the present embodiment of salient 
poles in the permanent magnet machine. With that understanding, it will be appreciated 
that the normal force profile for the radially opposed pair 20a-a' can be substantially 
different from the normal force profile for the other pole pairs. Furthermore, the 
difference in construction need not be limited to only one radially opposed pair, but may 
involve a second or similar modification of another radially opposed pair. 

The differences in construction may also apply to the poles of the permanent 
magnet rotor 40. In one embodiment, the permanent magnet poles 42 designated Ni and 
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N 2 may be provided with a level or strength of magnetism that is substantially different 
than that of poles Siand S 2 . The poles may be made of different magnetic materials. 
Alternatively, as shown in the present Figure, the air gaps 26 produced between the poles 
Ni and N 2 with the salient poles may be smaller than the air gaps 28 produced between 
the poles Siand S 2 and the salient poles. The air gap may also be dissimilar between the 
pairs in that one is eccentric, while the other is not. Lastly, the widths of the poles Ni and 
N 2 may be different than the width of the poles Siand S 2 . 

It will be appreciated that a number of constructions can be performed to alter the 
magnetic poles 42 of the rotor 40. The differing constructions may be used in isolation or 
in combination to produce differing normal force profiles according to the present 
invention. It is also understood that the number of poles depicted is strictly arbitrary and 
that the present invention relates to permanent magnet machines having other 
combinations of salient and magnetic poles and "inside-out" permanent magnet 
machines, having an outer shell rotor disposed around an inner stator. 

FIG. 25 shows a cross-sectional side view of a linear induction machine. The 
motor has two stators of stationary members 10 and 20. The use of two stators eliminates 
the need for a reaction plate when only one stator is used. The stator 10 has a series of 
poles 12, and the opposed stator 20 has a like series of poles 22. The stator typically has 
a series of phase windings in the laminated core of the stator. In the present embodiment, 
the stator is wound for three phases A, B, C. 

The rotor or moveable member is a conduction sheet 30 disposed between the 
opposing stators 10 and 20. In the linear machine, the magnetic field sweeps across the 
face of the conduction sheet 30. Currents induced in the sheet by the traveling field of 
the stator create a secondary magnetic field. The reaction between the two fields 
produces a linear motion in the conduction sheet 30. 

Differing normal force profiles may be produced as the conduction sheet 30 
travels in relation to the stators 10 and 20. In one embodiment, the stator 10 may have 
some poles 12 defining a pole construction 14, while other of the poles 12 may define a 
different pole construction 16. The differences in pole construction may involve the use 
of notches in the poles face, the use of differing materials to construct the poles, or a 
difference in air gap provided by the poles and the moveable member 30. 
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Also, the current supplied to the windings 14 and 24 wound around the stator 
poles may differ substantially between phases for providing differing normal force 
profiles to reduce noise in the present embodiment. The current that energizes the stator 
poles during the series of energizations can be provided with dissimilar profiles. The 
dissimilar current profiles can be used independent of or in conjunction with other 
modifications to achieve noise reduction in the machine. Still further, electrical control 
of the forces can be obtained by controlling the number of coil turns used in the various 
phase windings. It will be appreciated that previous modification or constructions of 
poles are applicable to the present embodiment. 

In another embodiment, the conduction sheet may have a series of modifications 
32 along its length. The modification could involve a series of notches, holes or bumps 
in the material to produce altering air gap profiles between the conduction sheet and the 
stationary poles as the moveable member moves in relation to the stationary members. 
Also, a different material than that of the conduction sheet may be embedded or attached 
to the conduction sheet in a series of locations on the sheet. The present invention also 
applies to a linear machine employing permanent magnets on the moveable member. 

FIG. 26 shows a cross-sectional view of a conventional induction machine 
according to the present invention. A stator 10 is a stack of laminations that forms an 
outer ring around a rotor 30. A plurality of radially opposed stator poles pairs 20a-d 
project inwardly to the central bore in the stator 10. Each of the stator poles 20a-a' has a 
stator pole face 22, while the stator poles 20b-b ? have a stator pole face 24. The stator 
poles 20c-c' have a stator pole face 24, while the stator poles 20d-d' has a face 26. A 
plurality of drive windings 12 are wound about the stator poles 20 and constitute a 
plurality of phases around the stator 10. 

The rotor 30 represents a conventional squirrel cage and includes a stack of 
laminations pressed onto a shaft 50. A number of short-circuited windings are embedded 
in the rotor 30. These rotor windings are bars or radially opposed rotor pole pairs. The 
rotor poles pass into the outer surface of the rotor 30 lamination and protrude beyond the 
rotor 30. The protruding end of the rotor poles defines a rotor pole face. The bars or 
rotor poles pass from one end of the stack of lamination to the other and are positioned 
circumscribe the outer surface of the rotor 30. Typically, the bars are skewed as they 
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pass along the length of the rotor. A shorting-ring (not shown) connects the bars at each 
end. 

As previously described, differing normal force profiles can be used such that the 
deflection of the stator can result in reduced noise by the induction machine. The 
differing normal forces may be accomplished in a number of ways. Focusing on the rotor 
in one embodiment, the construction of the squirrel cage could have a portions of greater 
depth 34 and 36 within the rotor laminations 30. Also, these portions 34 and 36 may 
present a different air gap with respect to the stator poles 20 as the poles pass in relation 
to one another in comparison to portions 32 and 38. Having a bars or portions that are 
deeper in the rotor laminations increases the amount of lamination material around that 
bar, consequently increasing the inductance. In yet another embodiment, some of the 
rotor poles pair may have a wider width than that of the other pairs. 

Furthermore, the bars of the squirrel cage are usually made of aluminum, copper 
or brass, while the rotor lamination 30 is typically iron. In another embodiment, some of 
the rotor bars may be of a different material than the other pole pairs. In a further 
embodiment, some of the rotor poles may be provided with notched faces in order to 
produce the differing normal force profiles according to the present invention. 

The factors of the rotor poles such as their depth within the rotor lamination 30, 
their overall shape, their face configuration, their material construction and their width 
determine inductance and resistance characteristics of the rotor poles. 
For instance, a bar with a large cross-sectional area will exhibit a lower resistance than a 
bar with a small cross-sectional area. Also, a brass bar will have a higher resistance than 
a copper bar of the same dimension. As is established, the normal forces between the 
stator and rotor result from the magnetic flux and overlap of the poles. The inductance 
and resistance of the rotor poles plays a role in producing those forces. 

In similar fashion to other embodiments, the stator poles or drive windings of the 
stator may be constructed differently to produce the disparate normal force profiles 
according to the present invention. For example, the radially opposed pair 20a-a' may be 
provided with a pole face 22 that is different from the pole faces 24 and 26 of the pairs 
20b-b' and 20c-c\ Further, the maximum air gap provided by the pair 20b-b' may be 
substantially larger than the maximum air gap produced by the other pole pairs. It is 
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understood that a number of alternative constructions can be performed to alter the stator 
poles 20 and/or the rotor poles 40. The differing constructions may be used in isolation 
or in combination to produce differing normal force profiles according to the present 
invention. 

In yet another embodiment, the current supplied to the windings 12 wound around 
the stator poles may differ substantially between phases for providing differing normal 
force profiles to reduce noise in the present embodiment. The current that energizes the 
stator poles during the series of energizations can be provided with dissimilar profiles. 
The dissimilar current profiles can be used independent of or in conjunction with other 
modifications to achieve noise reduction in the machine. Still further, electrical control of 
the forces can be obtained by controlling the number of coil turns used in the various 
phase windings. 

It is also understood that the number of poles depicted in the present induction 
machine is strictly arbitrary and that the present invention relates to induction machines 
having other combinations of rotor and stator poles. 

As described, a number of novel solutions exist to reduce the noise generated by a 
reluctance machine in accordance with the present invention. While the invention has 
been described with reference to the preferred embodiments, obvious modifications and 
alterations are possible by those skilled in the related art. Therefore, it is intended that 
the invention include all such modifications and alterations to the full extent that they 
come within the scope of the following claims or the equivalents thereof. 
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WHAT IS CLAIMED IS: 

1 . A linear electromagnetic machine comprising: 
a movable member; 

a stationary member defining at least one stationary pole; 

a phase winding positioned such that, when current is flowing in the phase 
winding, the at least one stationary pole is energized; and 

a circuit for energizing the phase winding over a plurality of energization cycles 
to produce a given force tending to cause linear movement of the 
movable member with respect to the stationary member, the energizing 
of the phase winding also producing a normal force tending to cause 
movement of the movable and stationary members in a direction 
normal to the desired linear movement; 

wherein the normal force profile experienced by the at least one stationary pole 
over a first energization cycle is different from the normal force profile 
experienced by the at least one pole stationary over a subsequent 
energization cycle. 

2. The linear electromagnetic machine of claim 1, wherein the movable member 
defines a plurality of movable poles that pass over the at least one stationary pole as the 
movable member moves in the desired direction and wherein at least one of the movable 
poles is different in construction from other of the movable poles. 

3. The linear electromagnetic machine of claim 2, wherein the movable poles each 
define a pole width and wherein at least one of the movable poles has a width that is 
greater than the width of other of the movable poles. 

4. The linear electromagnetic machine of claim 2, wherein the movable poles all 
have substantially the same width, wherein each movable pole defines an air gap with 
respect to the stationary pole as it passes over the stationary pole, and wherein the air gap 
defined by at least one of the movable poles is different from the air gap defined by other 
of the movable poles. 
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5. The linear electromagnetic machine of claim 1, wherein the circuit for energizing 
the phase winding provides an energization current to the phase winding over a first 
energization cycle that is different from the energization current provided to the phase 
winding over a second energization. 

6. An electromagnetic machine comprising: 

a rotor defining a plurality of rotor poles, each rotor pole having a pole face 
defining an angular width, wherein the angular width of the rotor pole 
with the widest width is: 

(a) substantially equal to or greater than the angular width of the rotor 
pole with the narrowest width, and 

(b) less than 1.5 times the angular width of the rotor pole with the 
narrowest width; 

a stator defining at least two stator poles that are radially opposed to one another; 

a phase winding positioned such that, when current is flowing in the phase 
winding, the at least two stator poles are energized; and 

a circuit for energizing the phase winding over a plurality of energization cycles 
to produce a given desired output on the rotor, the energizing of the 
phase winding also producing a normal force tending to cause 
movement of the at least two stator poles towards the rotor; 

wherein the normal force profile experienced by the at least two stator poles over 
a first energization cycle is different from the normal force profile 
experienced by the at least two stator poles over a subsequent 
energization cycle. 

7. The electromagnetic machine of claim 6, wherein the rotor defines a plurality of 
rotor poles and wherein: 

a) during the first energization cycle, a first pair of opposing rotor poles is 
brought towards alignment with the at least two stator poles; 
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b) over the second energization cycle, a second pair of opposing rotor poles 

is brought towards alignment with the at least two stator poles; and 

c) the construction of the poles forming the first pair of opposing rotor poles 

is different from the construction of the poles forming the second pair 
of opposing rotor poles. 

8. The electromagnetic machine of claim 7, wherein the angular width of the rotor 
poles forming the first pair of opposing rotor poles is substantially the same as the 
angular width of the rotor poles forming the second pair of opposing rotor poles. 

9. The electromagnetic machine of claim 8, wherein a maximum air gap established 
between the first pair of opposing rotor poles and the at least two stator poles is different 
from the maximum air gap established between the second pair of opposing rotor poles 
and the at least two stator poles. 

10. The electromagnetic machine of claim 9, wherein maximum air gap established 
between the first pair of opposing rotor poles and the at least two stator poles is defined 
by a notch in the profile of the face of the rotor pole. 

11. The electromagnetic machine of claim 6, wherein the circuit for energizing the 
phase winding provides an energization current to the phase winding over a first 
energization cycle that is different from the energization current provided to the phase 
winding over a second energization cycle. 

12. The electromagnetic machine of claim 11, wherein the angular width of each of 
the rotor poles is substantially the same. 

13. The electromagnetic machine of claim 6, wherein the rotor includes a plurality of 
permanent magnets. 
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14. An electromagnetic machine comprising: 

a rotor defining a plurality of rotor poles, each rotor pole having a pole face 
defining an angular width, wherein the angular widths of each of the 
rotor poles are substantially the same; 
5 a stator defining a first set of opposing stator poles and a second set of opposing 

stator poles, each of the stator poles being associated with at least one 
current carrying member such that a stator pole is energized when 
current is flowing through a current carrying member associated with 
the stator pole; and 

10 a circuit for energizing the at least one current carrying member over a given 

interval so as to simultaneously energize the first and second sets of 
opposing stator poles; the energizing of the current carrying member 
also producing normal forces tending to cause movement of the 
energized stator poles towards the rotor; 

15 wherein the normal force profile experienced by the first pair of opposing stator 

poles over the given interval is substantially different from the normal 
force profile experienced by the second pair of opposing stator poles 
over the given interval. 

20 15. The electromagnetic machine of claim 14, wherein the construction of the stator 
poles comprising the first set of opposing stator poles is different from the construction of 
the stator poles comprising the second set of opposing stator poles. 

16. The electromagnetic machine of claim 15, wherein each of the stator poles in the 
25 first set of opposing stator poles defines a notched surface. 

17. The electromagnetic machine of claim 16, wherein the construction of each of the 
rotor poles is substantially the same. 

30 18. The electromagnetic machine of claim 14, wherein the construction of the stator 
poles comprising the first set of opposing stator poles is substantially the same as the 
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construction of the stator poles comprising the second set of opposing stator poles and 
wherein: 

a) during the given interval, a first pair of opposing rotor poles is brought 

towards alignment with first set of opposing stator poles; 

b) during the given interval, a second pair of opposing rotor poles is brought 

towards alignment with second set of opposing stator poles; and 

c) the construction of the poles forming the first pair of opposing rotor poles 

is different from the construction of the poles forming the second pair 
of opposing rotor poles. 

19. The electromagnetic machine of claim 14, wherein a first current carrying member 
is associated with the first set of opposing stator poles and a second current carrying 
member is associated with the second set of opposing stator poles, and wherein the circuit 
for energizing the at least one current carrying member provides an energization current 
to the first current carrying member that is different from the energization current 
provided to the second current carrying member over the given interval 
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ABSTRACT 

An electromagnetic machine includes a rotor having a plurality of poles and a 
stator also having a plurality of poles. The poles for the rotor are divided into a first and 
second set of radially opposed pairs. The first set has uniform faced poles. The second 
set has a notched face. The stator includes radially opposed pairs of poles having 
uniform faced poles. The rotor and stator are disposed for movement relative to each 
other such that the first and second sets of poles for the rotor are movable in relation to 
the radially opposed pairs of the stator. The electrical interaction between uniform faced 
poles of the rotor with uniform faced poles of the stator produces a first normal force 
profile. The electrical interaction between notched faced poles of the rotor with uniform 
faced poles of the stator produces a second normal force profile. The first and second 
normal forces act dynamically in time or position on the stator as the rotor moves in 
relation to the stator. Thus, the noise spike at the harmonics of the commutation 
frequency are reduced. 
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